Background: Partially hydrolyzed cow's milk protein-based formula (pHF) possesses low allergenicity. Here, we investigate the safety and efficacy of oral immunotherapy using pHF for children with cow's milk protein allergy (CMPA). Objectives: A randomized, double-blind, controlled single-center trial was conducted to evaluate the efficacy and safety of pHF oral immunotherapy in children with CMPA. Methods: Participants were randomized into double-blind pHF-pHF and extensively hydrolyzed cow's milk protein-based formula (eHF)-pHF groups. During this phase, the pHF-pHF group received pHF and the eHF-pHF group received eHF. During the open phase, all participants received pHF. The primary end point was a change in thresholds between baseline and the end of the first phase. Secondary end points were changes in thresholds between baseline and the end of the second phase, and casein-specific immunoglobulin (Ig)E, IgG 4 , and basophil activation. Results: Twenty-five children, aged 1-9 years, were randomized into pHF-pHF and eHF-pHF groups.
Introduction
The prevalence of cow's milk protein allergy (CMPA) ranges from 2 to 5% in children in Western countries [1] . There is no standard treatment for severe CMPA, except for strict avoidance of cow's milk protein. The risk of al- lergic reactions after accidental exposure diminishes the quality of life of the affected individual as well as the family [2] .
The efficacy of oral immunotherapy (OIT) for CMPA was recently reported [3] ; OIT, as investigated in this previous report, utilized unprocessed whole cow's milk. However, this type of therapy poses a risk of allergic reactions including severe anaphylaxis. The risk of an adverse reaction requiring epinephrine administration was found to be higher in children receiving milk OIT than in those receiving an elimination diet [4] . Therefore, the Diagnosis and Rationale for Action against Cow's Milk Allergy (DRACMA) guidelines do not recommend OIT with cow's milk for patients with CMPA [1] .
Hydrolyzed formulas are available as 2 types: partially hydrolyzed cow's milk protein-based formula (pHF) and extensively hydrolyzed cow's milk protein-based formula (eHF). Both are prepared using enzymatic processes to convert native proteins into smaller fragments. There are no absolute criteria to define hydrolyzed cow's milk protein-based formulas; however, generally, pHF contains fewer peptides, with molecular weights of approximately < 5,000 Da. In contrast, eHF contains only peptides with molecular weights < 3,000 Da [5] . For infants with confirmed CMPA, recommendations suggest an elimination diet using a therapeutic formula. Currently, eHFs are recommended for infants and children with CMPA. At least 90% of infants and children with CMPA tolerate eHF [1] . Although partially hydrolyzed formula is not categorized as hypoallergenic, studies in mouse models have shown that pHF and eHF have low allergenicity [6, 7] .
The safety and efficacy of hypoallergenic food products has been demonstrated [8] [9] [10] . Partially hydrolyzed whey and casein formula (E-akachan ® ) has been used in Japan for healthy infants with or without a family history of allergy. We hypothesized that OIT using pHF accelerates tolerance to cow's milk protein in a safe manner. Here, a randomized, double-blind, controlled trial was conducted to demonstrate that OIT using pHF improves the amount of cow's milk formula tolerated by children with CMPA.
Material and Methods

Trial Design
The trial was a randomized (1: 1), double-blind, controlled trial conducted at a single center (Fujita Health University) in Japan. Participants were randomized into 2 double-blind groups: a pHFpHF and an eHF-pHF group.
The aim of the trial was to investigate whether OIT using pHF increases the amount of cow's milk tolerated by children with CMPA. Improvement was assessed by investigating the change in response to food challenge with regular cow's milk protein-based formula (rCMF), performed before, after 8 weeks, and after 16 weeks of OIT. Immunological changes were evaluated by assessing serum-specific immunoglobulin E (IgE), IgG 4 , and basophil activation, in response to casein, performed at the previously mentioned time points.
Participants
Inclusion criteria were as follows: an age of between 1 and 20 years at the start of the trial, and a known history of systemic symptoms induced by ingesting small amounts of milk allergens or high cow's milk-specific IgE values, with a 95% probability of CMPA (according to a previous trial [11] ). Participants with a current diagnosis of severe persistent asthma were excluded from the trial. Pediatricians at the Fujita Health University explained the trial to the families of the participants, and informed consent was obtained from the families of individuals who met the criteria.
Participants were enrolled from April 2013 to January 2015. The trial (No. UMIN000013374) was registered with UMIN Clinical Trials Registry on November 8, 2012.
Formulas Used
We used 3 formulas in this trial: pHF (E-akachan ® ), eHF (MAmi ® ), and rCMF (Hagukumi ® ), all from Morinaga Milk Industry Co., Ltd., Tokyo, Japan. The terms pHF and eHF denote cow's milk formulas prepared by enzymatic hydrolysis of milk protein, which decreases the antigenicity of casein and whey. The hydrolysate from eHF was treated with ultrafiltration. The protein content of pHF and rCMF is 1.64 g/100 mL and eHF contains 1.76 g/100 mL. The molecular weight profiles of the formulas are presented in Table 1 .
Food Challenge
Food Challenge and Definition of Thresholds at Baseline Participants in both groups underwent food challenges 3 times using pHF, eHF, or rCMF. All food challenges at baseline were performed in a randomized, double-blind manner in a hospital ward, Defatted formula samples were applied to a high-performance liquid chromatography system (LC-20AD, Shimadzu, Tokyo, Japan) with a poly-hydroxyethyl aspartamide column (PolyLC, Columbia, MD, USA). pHF, partially hydrolyzed cow's milk formula; eHF, extensively hydrolyzed cow's milk formula; rCMF, regular cow's milk formula.
a The hydrolysate for eHF was treated with ultrafiltration.
Controlled OIT using pHF for CMPA on 3 separate days, with a 1-week interval between the challenges. Parents of participants receiving antihistamines were requested to withhold the administration of these for 72 h before and during the challenge. A total volume of 20 mL of pHF, eHF, or rCMF was administered every 30 min in 5-7 instalments. The challenge was discontinued if objective allergic symptoms such as systemic urticaria, cough, and wheezing occurred, or if subjective allergic symptoms such as abdominal pain occurred; a pediatric allergist confirmed that symptoms were induced by the formula. Participants who presented allergic reactions remained under observation until the associated symptoms were resolved. Participants who consumed the formula without presenting symptoms were observed for 2 h after the last administration; in these participants, the food challenge results were confirmed to be negative by a pediatric allergist.
Food Challenge after Treatment Open food challenge was performed using rCMF 8 and 16 weeks after treatment. Food challenges were performed in the same manner as the baseline food challenge.
Threshold Dose
The threshold dose was defined as the highest dose in the food challenge that did not elicit an adverse reaction. All participants were informed of the threshold for the 3 formulas after the baseline food challenges.
Randomization and Blinding
Participants were randomly assigned to either the pHF-pHF group or the eHF-pHF group in a 1: 1 ratio. Randomization was based on a permuted block of sizes of 2 and 4 participants, stratified by age (< 7 years or ≥7 years) and sex using a central computer. Randomization was performed by a technician who had no clinical association with this trial.
Oral Immunotherapy
Participants who were unable to consume 20 mL of rCMF received OIT. The participants who were able to drink 20 mL rCMF without presenting symptoms were excluded. All participants consumed the assigned formula at amounts equal to the threshold for pHF in the baseline food challenge. Participants received unlabeled milk formula cans containing pHF or eHF during the blind phase. During the first 8 weeks of the trial (the double-blind phase), participants in the pHF-pHF group consumed ≤20 mL of pHF comprising the amount required for the pHF threshold once per day, and participants in the eHF-pHF group consumed ≤20 mL of eHF comprising the amount required for the pHF threshold, but not eHF thresholds. During the second 8 weeks of the trial (the open phase), all participants consumed ≤20 mL of pHF at the amount required for pHF thresholds, once per day. The protocol is shown in Figure 1 . Blood Collection Blood samples were collected from participants < 2 weeks before the food challenge at baseline, and < 1 week after each phase.
Assays for Serum Cow's Milk-or Casein-Specific IgE and IgG 4
Participants' serum cow's milk-specific or casein-specific IgE and IgG 4 antibody levels were determined using the Immulite 2000 3gAllergy TM system. The assay was performed by Siemens AG (Munich, Germany). The cutoff levels were 0.01 IUA/mL for specific IgE and 200 mg/L for specific IgG 4 .
Basophil Activation Test
Basophil activation was determined using an allergenicity kit (Beckman Coulter Inc., Fullerton, CA, USA), according to the manufacturer's instructions. All assays used fresh whole blood within 24 h of sampling. Briefly, heparin-anticoagulated peripheral blood samples were incubated at 37 ° C for 15 min with FITC-labeled anti-CRTH2, phycoerythrin (PE)-labeled anti-CD203c, and PE-cyanine 7-labeled anti-CD3 monoclonal antibodies from the kit in the presence of the allergen. PBS and anti-IgE antibodies (10 μg/mL) were used as negative and positive controls, respectively. After incubation, the stop solution from the kit was added to stop the reac- The number of participants assessed for eligibility for oral immunotherapy using partially hydrolyzed formula, who completed the trial. In total, 25 participants were enrolled and randomly assigned to 2 groups. At the baseline food challenge, 2 participants in the partially hydrolyzed cow's milk protein-based formula (pHF)-pHF group were tolerant to 20 mL of regular cow's milk formula (rCMF) and 1 in the extensively hydrolyzed cow's milk protein-based formula (eHF)-pHF group refused the food challenge test; these participants did not undergo the intervention.
During the blind phase, 1 participant in the eHF-pHF group consumed his assigned formula mixed with other milk products during the first 2 weeks without our knowledge. When this became known, the participant was excluded from the trial. At the food challenge at the end of the open phase, 1 participant did not receive the food challenge formula according to the protocol; data for this participant were thus excluded from the analysis. The assignment of participants was blinded after all participants had undergone the intervention. tion. Subsequently, samples were mixed with the lysing solution, and the mixture was incubated for 10 min at room temperature (18-25 ° C). The suspension was centrifuged for 5 min at 200 g at room temperature after lysing, washed with PBS, centrifuged for 5 min at 200 g at room temperature again, and suspended in 500 μL of PBS with 0.1% formaldehyde. Samples were analyzed using a FACSCalibur TM cell analyzer with CellQuest TM software (Becton, Dickinson and Co., Franklin Lakes, NJ, USA). Basophils were identified based on their forward-and side-scatter properties, the absence of CD3 expression, and the presence of CRTH 2 expression.
To assess allergen-specific basophil activation, 1 μg/mL casein (α-Casein, Sigma-Aldrich, St. Louis, MO, USA) was used. Data were acquired for 500 basophils, and samples with < 200 cells were excluded. Nonresponder status was defined as an anti-IgE-induced CD203c expression of < 10% (these samples were excluded).
Data Analysis
The primary end point was an improvement of the thresholds to the rCMF food challenge between baseline and the end of the first double-blind phase. The aim was to evaluate the effect of each hydrolyzed formula. The secondary end points were improvements of thresholds between baseline and the end of the second phase, and immunological changes. The aim was to evaluate the effect of the pHF intake duration. If a participant presented with an allergic reaction following the first intake, the threshold was considered 0.0 mL.
Immunological evaluation, including assessment of IgE, IgG 4 , and basophil activation levels in response to cow's milk, was performed before and after each phase.
These results, which were compared using Friedman's nonparametric analysis of variance (ANOVA) followed by post hoc Dunn's multiple comparison test, are presented as medians and interquartile ranges. p values < 0.05 were considered to represent statistical significance. Statistical analyses were performed using GraphPad Prism 6.01 (GraphPad Software, Inc., La Jolla, CA, USA).
Results
Participant Characteristics
Participants included 18 males and 7 females with a median age of 4.25 years (range 1-9 years). The median The trial flow diagram for the pHF-pHF group versus the eHF-pHF group is shown in Figure 2 . The diagram includes detailed information on the excluded participants. In total, 25 participants were enrolled in this trial and randomly assigned to the pHF-pHF (n = 13) or eHFpHF (n = 12) groups. There was no significant difference in age, threshold, and milk-specific IgE levels between the 2 groups ( Table 2 ). All participants received the food challenge test using pHF, eHF, and rCMF, and had thresholds for each formula. The threshold for pHF ranged from 0.5 to 20 mL.
Assessment of Clinical Responses
Twenty participants completed treatment. Of these, 10 were in the pHF-pHF group and 10 in the eHF-pHF group. Detailed data are shown in Table 3 . The primary end point was a significant increase in the threshold in the pHF-pHF group (p = 0.048; Fig. 3a ), but not in the eHFpHF group (p = 0.23; Fig. 3b) . In both groups, the improvement in thresholds between baseline and at the end of the second phase was not significant. Among the participants with severe allergy (patients 1, 3, 4, 5, 6, 7, and 8) whose baseline thresholds were < 4 mL, there was a significant change in thresholds between baseline and at the end of the trial in the pHF-pHF group (p = 0.023).
Immunological Correlations
The median casein-specific IgE antibody level at the end of the trial was lower than at baseline in the eHFpHF group (p = 0.014), but not in the pHF-pHF group (p > 0.05). In both groups, milk-specific IgE and IgG 4 , casein-specific IgG 4 , and casein-specific basophil activation levels in the participants did not change between phases. 
Adverse Events
No participants showed severe systemic allergic reactions requiring administration of adrenaline or systemic corticosteroids after consuming formulas in either phase. During the first 8 weeks of the trial, 1 participant presented anaphylaxis after accidentally consuming juice containing cow's milk protein. This event occurred 12 h after the consumption of pHF and was therefore not attributed to the assigned formula. Following this event, the participant continued to consume the same assigned amount of formula. Two participants in the pHF-pHF group reported itching in their mouths after ingesting the formula in the first week; these individuals were subsequently administered a decreased amount of pHF (i.e., from 1.8 to 1.0 mL) every day.
Discussion
To our knowledge, this study reports the first doubleblind, controlled, randomized trial using pHF for OIT in children with CMPA. The findings indicate that OIT increased the amount of milk that could be tolerated without systemic allergic symptoms.
Numerous studies have reported the efficacy and safety of OIT using hypo-or low-allergenicity food. Unlike typical OIT, sublingual immunotherapy (SLIT) does not require the additional use of medication for allergic reactions induced by the OIT. However, the efficacy of SLIT is lower than that of typical OIT [12] . An open OIT trial conducted in children with CMPA using edible baked milk products revealed enhanced tolerance to unheated milk compared to that achieved through a strict avoidance diet [9] . Furthermore, an open OIT trial conducted in children with CMPA using low-dose cow's milk (3 mL) showed that participants exhibited improved tolerance to unheated cow's milk (3 and 25 mL) compared to that achieved through strict avoidance. Although some participants presented adverse allergic reactions induced by the OIT, most reactions were mild, and the rate of severe reactions was far lower (with only 1 incidence and it did not require adrenaline injection) than that observed following previous and typical OIT trials using a higher dose of cow's milk, which required some adrenaline injections [10, 13] .
The pHF E-akachan ® used in this trial is mainly fed to healthy infants, with or without a family history of allergy, in Japan. A previous animal study of this partially hydrolyzed formula product showed that intravenous challenge induced anaphylaxis in β-lactoglobulin-sensitized mice, but not in casein-sensitized mice [7] . Kido et al. [14] reported that 40 of 55 children (75%) with CMPA were able to ingest this pHF without any adverse reaction in an open food challenge test. OIT using this pHF therefore has the potential to decrease systemic reactions in CMPA. Various hydrolyzed cow's milk-based formulas are available, and differences in their hydrolyzed components might elicit different allergic reactions [15] . Prior oral exposure induction of specific β-lactoglobulin peptides in some partially hydrolyzed whey protein reduced the acute allergic skin response by whey protein [16] . Regarding the pHF used in this study, another group demonstrated that prior ingestion of the hydrolysates suppresses the sensitization to β-lactoglobulin and has submitted the results. Previous studies of OIT involving the administration of low doses of cow's milk have comprised 2 phases: updosing and maintenance. During the up-dosing phase, the dose of milk ingested was gradually increased. After the maintenance dose was reached, this was administered daily. Most side effects induced by OIT occurred during the up-dosing phase [17] . According to our trial protocol, the amount of cow's milk allergen ingested did not change during the trial; participants received the same amount of pHF throughout the trial, which was guaranteed to be safe based on the baseline food challenge.
No improvement in threshold was observed between baseline and at the end of the second phase in the pHF-pHF group, or between the end of the first phase and the end of the second phase in the eHF-pHF group. These findings were attributed to several factors. First, the duration of OIT in this study was short, so the efficacy of the OIT might have been weak. A previous low-dose cow's milk intake OIT trial showed that a year of OIT induced tolerance [10] . A longer duration of the OIT in this study would possibly result in stronger efficacy for CMPA; additional study is needed to determine the optimal duration for each patient with CMPA. Second, at the end of the open phase, the thresholds of some participants were decreased relative to those at the end of blind phase. This might have been due to the placebo effect. Third, the eHF used in this trial contains trace amounts of milk peptides with a molecular weight > 2 kDa (Table 2) . A previous trial suggested that although not significant, eHF might improve tolerance to cow's milk in children with CMPA compared with an amino acid-based or soy formula [18] . The trace amounts of milk peptides in the eHF milk might have affected the tolerance of participants in the eHF-pHF group, as indicated by the decrease in casein-specific IgE levels between baseline and at the end of the second phase in the eHF-pHF group.
The correlations in immunological changes following OIT were not consistent with those reported in previous studies [10, 14, [19] [20] [21] . However, some trials did not show the change in cow's milk-specific IgE [19] and other trials showed a decrease in cow's milk-specific IgE [10, 21] . One trial comparing SLIT with OIT for children with CMPA showed that cow's milk-specific IgE levels increased early and then decreased in the OIT group but were not significantly changed in the SLIT group [12] . Most trials show an increase in cow's milk-specific IgG 4 during the trial.
As described, the casein-specific IgE levels decreased between baseline and at the end of the second phase in the eHF-pHF group. This finding was attributed to the effect of the stepwise introduction of cow's milk protein on the immune system of the participants in the eHF-pHF group. The Prevention of Egg Allergy with Tiny Amount InTake (PETIT) study demonstrated efficacy and safety using a similar stepwise approach [22] . Infants participating in the egg-consuming group consumed egg, starting at 50 mg/day for 3 months and increasing to 250 mg/day over 3 months. At the end of the trial, 92% of the eggconsuming infants passed the oral food challenge in contrast with only 62% of the egg-avoiding infants. In our study, the eHF-pHF group consumed eHF for the first 8 weeks; following this, pHF was consumed. eHF was considered to only weakly stimulate the immune system of the participants during the first phase; this was putatively followed by stronger stimulation of the immune system by pHF during the second phase. Stepwise milk protein intake may have affected such immunological changes.
Our trial had some limitations. First, the pHF amounts administered were small (20 mL); it is possible that some children are capable of ingesting much larger amounts of pHF. We enrolled children with severe cow's milk allergy; thus, food challenges with large amounts of formula posed a risk of inducing anaphylaxis and anaphylactic shock. Among the participants with severe CMPA whose baseline thresholds were < 4 mL, there was a significant change in thresholds between baseline and at the end of this trial in the pHF-pHF group. Considerably larger amounts of pHF could be effective for the participants with thresholds > 20 mL. Additional study is needed to determine the optimal dose of pHF for each patient with CMPA. Second, the participants were randomized prior to conducting the initial food challenge; therefore, the rCMF thresholds were not taken into account during randomization. The threshold between groups was not significantly different. Third, our sample size was small and young (median age 4.25 years). Compared to those in the eHF-pHF group, the rCMF thresholds in participants in the pHF-pHF group were lower, levels of cow's milk-specific IgE were higher, and ages were lower. Although these differences were not significant, these parameters might affect the results of this trial. A larger sample size would be required to reduce the differences. The differences in symptom scores and tolerance might be found by studying older cohorts. We plan to evaluate the effect of OIT using pHF in older cohorts. Furthermore, compared with pHF, typical eHF has an undesirable flavor. To mitigate the unpleasant bitter taste, the eHF in this study was prepared by reducing the degree of hydrolysis and with ultrafiltration technology. No participant in the eHF-pHF group refused to drink the assigned formula. In conclusion, this trial suggests that OIT involving the intake of pHF improves tolerance to cow's milk in children with CMPA, relative to that with eHF intake, in a safe manner. Therefore, OIT with pHF represents a potential therapeutic strategy for children with CMPA.
